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a b s t r a c t 

To successfully transition from fossil-fuel to sustainable carbon-free energy carriers, a safe, stable and 

high-density energy storage technology is required. The combustion of iron powders seems very promis- 

ing in this regard. Yet, little is known about their in-process morphological and microstructural evolution, 

which are critical features for the circularity of the concept, especially the subsequent reduction of the 

combusted oxide powders back to iron. Here, we investigated two iron powder combustion pathways, 

one in air and one with the assistance of a propane pilot flame. Both processes resulted in spherical 

hollow particles composed of a complex microstructure of wüstite, magnetite and/or hematite. Partial 

evaporation is indicated by the observation of nanoparticles on the micro-sized combustion products. 

The associated gas production inside the liquid droplet could be the origin of the internal porosity and 

micro-explosion events. Cracking at the end of the combustion process results in mostly open porosity, 

which is favorable for the subsequent reduction process. With this study, we aim to open the perspective 

of iron metal fuel from macroscopic combustion analysis towards a better understanding of the underly- 

ing microscopic thermodynamic, kinetic, microstructural and thermomechanical mechanisms. 

© 2022 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved. 
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. Introduction 

One of the most pressing problems to solve in our changing 

nergy system is to deploy efficient storage and transport vec- 

ors. Batteries are not suitable for large-scale and long-term stor- 

ge due to their comparatively high manufacturing costs, challeng- 

ng material requirements and insufficient sustainability and recy- 

lability. Hydrogen has a very high mass-specific energy density 

33 kWh/kg), but a low volumetric energy density of 3 Wh/L at 

oom temperature and atmospheric pressure [1] . Hydrogen thus 

eeds to be stored at high pressure (250–350 bar) or at very low 

emperatures (20–150 K), to obtain sufficiently high volumetric en- 

rgy densities [1] . Liquifying hydrogen requires up to 40% of its en- 

rgy content [2] and hydrogen storage can lead to embrittlement of 

he containers. A low-cost and energy-dense alternative comes in 

he form of metal powder and the corresponding metal energy car- 

ier concept [2–7] . Energy production is obtained through the heat 

f oxidation of these metallic powders, bringing a very large en- 

rgy density compared with other energy storing systems ( Fig. 1 ). 
∗ Corresponding author. 
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enewable energy can be used to reduce consumed metal oxide 

uels back to metal, which can then be again combusted ( = oxi- 

ized) whenever and wherever energy is needed. 

Most research on this metal energy carrier concept has focused 

n the combustion of iron powder, where ignited single particles 

8–11] , small burners [12–16] , and stagnant aerosols [ 17 , 18 ] have

een studied experimentally, and some initial numerical models 

19–21] have also been developed. Various metal particle com- 

ustion modes have been proposed in the literature [ 4 , 22 ]. When

he flame temperature is above the boiling point of the metal, a 

icro-diffusion flame is formed with oxidation occurring at the 

aseous state, which is referred to as homogeneous combustion 

ode. When the flame temperature is below the boiling point of 

he metal, the oxidation occurs at the surface of the metal particle, 

nd it is referred to as heterogeneous combustion mode. In the lat- 

er mode, depending on the relative metal oxide vapor pressure at 

he flame temperature, gaseous metal oxide forms and condenses 

way from the particle, or oxide combustion products form directly 

n the surface of the metal particle [4] . Iron is particularly suited 

s a renewable fuel as its oxides mainly form at the surface of the 

article, forming combustion products of similar size as the ini- 

ial iron powder. In contrast, other metals have the tendency to 

orm gaseous metal oxides which solidify as nanoparticles, a sce- 

https://doi.org/10.1016/j.actamat.2022.118261
http://www.ScienceDirect.com
http://www.elsevier.com/locate/actamat
http://crossmark.crossref.org/dialog/?doi=10.1016/j.actamat.2022.118261&domain=pdf
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Fig. 1. Energy density and specific energy of various metals compared with batter- 

ies, hydrogen and fossil fuels. Adapted from Bergthorson et al. [ 4 , 49 ]. 
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ario that is undesired from a circularity perspective (difficult to 

ollect and reduce), arising also health and safety concerns [ 4 , 22 ].

nly small fractions of nanoparticles during the combustion of iron 

owders have been reported, mostly occurring in excess-oxygen 

onditions [ 6 , 8 , 9 , 11–14 , 16 , 17 ]. 

The oxidation of iron in the solid-state is a well-known and 

eeply investigated topic. The underlying mechanism is considered 

s follows [23] : (1) Diffusion of the oxygen molecules from the sur- 

ounding gas to the surface of the oxide layer; (2) Incorporation of 

he oxygen anions into the oxide layer; (3) Absorption of the iron 

ations at the oxide/metal boundary; (4) Diffusion of the ions and 

lectrons through the oxide layers; (5) Reaction at the interfaces. 

t relatively high temperature (700–1250 °C), the growth rate of 

he oxide scales follows a parabolic law, showing that the limiting 

tep of the reaction is the ion diffusion through the oxide layers 

24] . Because of their lower size and larger vacancy density, the 

obility of iron cations is larger that of oxygen anions during the 

xidation process [ 23 , 25 ], thus the rate-limiting step of solid-state 

xidation of pure iron is the outward diffusion of iron cations [26] . 

owever, the oxidation mechanism of iron in the liquid state is 

uch less understood. Hirano et al. [27] proposed a mechanism 

imilar to the oxidation in the solid-state for the oxidation of a 

etal droplet at the tip of an iron cylinder and suggested the fol- 

owing steps: (1) diffusion of the oxygen molecules from the sur- 

ounding gas to the surface of the liquid; (2) oxygen adsorption on 

he molten oxide surface, which includes the physical adsorption 

f the oxygen molecule, the chemical adsorption of the dissociated 

xygen atoms, and the incorporation of the oxygen atoms inside 

he oxide layer; (3) ionic diffusion through the oxide layer; and (4) 

eaction at the oxide/metal boundary. According to Hirano et al. 

 27 , 28 ], the rate-limiting step of the reaction is the adsorption of

xygen at the surface of the liquid droplet. Yet, the reaction at the 

nterface of molten iron and liquid iron oxide was also considered 

o be the rate-limiting step of the oxidation of a liquid droplet at 

he tip of an iron rod because of the coexistence of both liquid iron

nd liquid iron oxide phase [29] . This oxidation mechanism was 

ater also considered for the combustion of small individual iron 

articles in air by several authors [ 8 , 13 , 30 ]. Depending on the oxy-

en diffusion rate from the surrounding atmosphere to the surface 

f the droplet relative to the adsorption of oxygen at the particle 

urface, the combustion process is said to follow either a kinetic- 

ontrolled regime, i.e. limited by the reaction process and in par- 

icular by the adsorption step, or a diffusion-controlled regime, i.e. 

imited by oxygen diffusion to the surface of the particle [22] . Be- 
2 
ause of the low activation energy and high flame temperature of 

etal combustion, the combustion process is generally limited by 

he oxygen diffusion [12] . The diffusion-controlled regime is partic- 

larly favored for large particle sizes [22] , and has been reported 

y several authors for an iron particle size over 5 μm [ 8 , 12 , 13 ]. A

ransitional regime corresponding neither to the kinetic-controlled 

or to the diffusion-controlled regime was measured by Tang et al. 

22] for an iron particle size of 3 μm in 21 at.% oxygen. Ning et al.

8] also identified a transitional regime as a second part of the 

ombustion mechanism, starting in a diffusion-controlled regime 

hen the particle temperature is increasing, then becoming more 

ndependent from the oxygen concentration for the later part of 

he combustion process. They proposed that the end of the com- 

ustion process could be limited by the internal diffusion of oxy- 

en inside the particle instead of the external diffusion of oxygen 

o the surface of the particle [8] . While several models have been 

roposed [ 4 , 8 , 22 ], the nature and course of the different mecha-

isms involved in the combustion of iron powders are not yet com- 

letely understood. 

Moreover, little is known about the microstructural, chemical 

nd morphological evolution of the iron powders during the com- 

ustion process. The combustion products are reported to be gen- 

rally spherical, hollow and containing many pores and cracks 

 6 , 9 , 11 , 12 ]. However, no detailed studies have been conducted yet

n the quantity and distribution of the porosity and cracks formed 

uring the combustion process. Of high interest are also the spe- 

ific thermodynamic states and types of oxides produced. Because 

f the large heating and cooling rate involved (around 40,0 0 0–

0,0 0 0 K �s − 1 [9] ), the conditions deviate from the thermody- 

amic predicted conditions documented in the equilibrium phase 

iagram [12] . Based on the temperature evolution of single burning 

ron particles experiments, Ning et al. [9] predicted a phase trans- 

ormation to either magnetite or hematite at the end of the com- 

ustion process. Poletaev et al. [13] also reported combustion prod- 

cts mainly composed of magnetite. However, the phase transfor- 

ation paths involved in the combustion process are mostly un- 

nown from previous experiments. 

The final microstructure and morphology will greatly impact 

he reduction process of combusted powders, necessary to en- 

ure circularity of the technology (and thus its sustainability and 

conomic viability), by a direct reduction process using hydrogen 

31–35] . Hence, the analysis of the combusted particles is criti- 

al for understanding the fundamental mechanisms involved in the 

ombustion process, involving the different phase transformations, 

rack and porosity formation, and optimizing the subsequent re- 

uction process. These scientific insights can also serve as a knowl- 

dge platform to custom design iron-based alloys for a more effi- 

ient metal energy carrier and possibly even aid in better under- 

tanding some of the microscale mechanisms in sustainable steel 

roduction with hydrogen. 

. Materials and methods 

Two batches of iron powder, referred hereafter to as InitAir and 

nitPro in this manuscript, were provided by Pometon S.p.A.. The 

aterial was produced via water atomization from scrap metal 

nd are only differentiated by a slightly different im purity content 

given below in Table 1 ). The powder was subsequently combusted 

n a pilot scale industrial burner. The first batch, InitAir, was com- 

usted in pre-heated air using only propane to start the ignition 

n the beginning of the process and punctually to prevent the iron 

owder flame from extinguishing if required. The combusted pow- 

er produced by this combustion process is hereafter referred to as 

xAir. The second batch, InitPro, was combusted with a continuous 

ddition of propane, bringing one third of the total heat during the 

ombustion process. The combusted powder is called OxPro here- 
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Table 1 

Composition in weight percent of the initial powder and the combusted powder measured by ICP-OES, reduction 

fusion and the combustion method (InitAir and OxAir for the combustion in air, and InitPro and OxPro for the 

combustion in air and propane). n.m. stands for not measured. 

[wt.%] O C S Ni Cu Mn Mo Cr P Si Fe 

InitAir 0.57 0.019 0.010 0.095 0.088 0.063 0.043 0.027 0.007 0.003 Bal. 

OxAir 21.8 0.006 0.003 0.154 0.088 0.043 0.023 0.020 0.004 0.006 Bal. 

InitPro n.m. 0.027 0.009 0.035 0.036 0.045 0.054 0.021 0.004 0.004 Bal. 

OxPro 22.4 0.005 0.001 0.037 0.032 0.035 0.034 0.015 < 0.002 < 0.002 Bal. 

Fig. 2. Schematic of the burner. A center jet of iron, air and propane is surrounded by a co-flow of preheated air. After the cooling section a cyclone is placed to separate 

the powder from the gas. 
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fter. A schematic of the burner used is presented in Fig. 2 . The

ron powder was injected together with some air. Additional pre- 

eated air was provided by a co-flow to reach an overall air fuel 

iron) equivalence ratio ( λ) between 3 and 5. The propane was pro- 

ided using a separate injector, thus creating a non-premixed pilot 

ame. Before each experiment, propane was used to heat up the 

ystem. Subsequently, iron was slowly introduced and the propane 

ow was simultaneously decreased to the desired operating con- 

itions. All flows were set by control valves in combination with 

ow meters. After leaving the combustion chamber, the powder 

as cooled in a cooling section, sorted in a cyclone and finally re- 

overed. All particles analyzed in this paper were collected from 

he exit of the cyclone. The average temperature emitted by the 

urning particles was measured in different parts of the combus- 

or: an Ocean Optics USB20 0 0 UV–VIS spectrometer was used to 

nalyze the radiation in the range of 20 0–90 0 nm emitted in the 

ombustion chamber for temperatures over 1200 °C via the look- 

ng glasses, and thermocouples were used in the cooling chamber 

or temperatures below 1300 °C (see Fig. 2 ). OxPro powder was 

uasi instantaneously ignited after injection due to the propane 

ilot flame, reaching a maximum temperature of 1850–2200 °C, 

hile OxAir powder was more gradually ignited, with a maximum 

emperature of 190 0–210 0 °C reached after about 1 s. The full es- 

imated profile of the mean temperature of the powders as a func- 

ion of the residence time in the combustor is given in Supplemen- 

ary Figure S1. 

The size and shape distribution of the powders were derived 

rom Dynamic Image Analysis conducted using a 3P instruments 

ettersizer S3 Plus using isopropanol as a dispersant. Over 50 0 0 

ndividual particles where imaged for each powder. The projected 

rea diameter, d a , defined as the diameter of a circle with equiva- 

ent projected area as the measured particle, is presented. Circular- 

ty is defined as πd a 
P , with P the measured perimeter of the parti- 

le and d a the diameter of a circle having the same cross-sectional 

rea as the particle. All distributions are expressed by a volume- 

ased statistic. The microstructure and morphology of the powders 

ere characterized by scanning electron microscopy (SEM) and 

lectron backscatter diffraction (EBSD). The powders were either 

ispersed on a copper tape and coated with 25 nm of carbon to 

bserve their surface morphology, or embedded and metallograph- 

cally prepared to observe their cross-sections. EBSD maps were ac- 

uired using a JEOL-6500F field-emission gun microscope. Energy- 

ispersive X-ray spectroscopy (EDS) analyzes were also conducted 

sing a Zeiss Sigma SEM with an accelerating voltage of 15 kV. 

mage analysis was applied using Fiji ImageJ software [36] to esti- 
3 
ate the porosity level from SEM micrographs of the cross-section 

f the powders. Close porosity is defined as the ratio between the 

rea of the porosity encapsulated in the particle, i.e. not linked to 

he external surface, and the area of the filled particle, i.e. the ad- 

ition of the section of the particle and of the encapsulated voids. 

n example of the binary images resulting from the image analysis 

s presented in Supplementary Figure S1. An automatic approach 

as used on several SEM images, analyzing more than 10 0 0 parti- 

les for each powder. A minimum of 9 pixels square (about 0.45 

m 

2 ) was set to detect the porosity. More details can be found 

n the Supplementary Materials. The average composition of the 

owders was characterized by inductively coupled plasma opti- 

al emission spectrometry (ICP-OES) and averaged on two mea- 

urements. The oxygen content was determined via reduction fu- 

ion under a helium atmosphere and subsequent infrared absorp- 

ion spectroscopy. Carbon and sulfur were analyzed via combus- 

ion followed by infrared absorption spectroscopy. About 0.5 g of 

owder was used for each measurement of the chemical compo- 

ition. Phase identification and quantification were obtained by X- 

ay diffraction (XRD) measurements, using a diffractometer D8 Ad- 

ance A25-X1, equipped with a cobalt target, operated at 35 kV, 

0 mA. The powders were previously sieved under 90 μm, then 

ispersed on a sample holder of 3 mm in diameter. Four sampling 

f 0.5 g of the combusted powders were applied to obtain a bet- 

er statistical representation of the phase distribution. The diffrac- 

ion data were processed using the software Brucker Topas v. 5.0. 

ith the Rietveld refinement. Pycnometer measurements were ap- 

lied using AccuPyc II 1340 V3.00 under argon at room temper- 

ture. The solid phase apparent density of the powders was esti- 

ated by weighting the total mass of the powder, between 18 g 

nd 26 g, which was divided by the total volume measured by py- 

nometer (including the closed porosity), averaged on 5 gas filling 

ycles. It must be noted than important statistical effects can be 

xpected from each measurement, as they were all applied on rela- 

ively small quantities compared with the total mass of combusted 

owder (about 500 kg). 

Equilibrium adiabatic calculations were performed using the 

hermocalc software [37] together with the TCS Metal Oxide So- 

utions Database (TCOX10) for the description of the condensed 

hases and the SSUB5 SGTE (Scientific Group Thermodata Europe) 

ubstances Database for the description of the gas phase including 

etallic and oxide vapors. The equilibrium adiabatic temperature 

f the system was calculated assuming that an increasing amount 

f air (mechanical mixture of 21 at.% O 2 and 79 at.% N 2 at their

table element reference state, i.e., 25 °C and 1 atm) is added to 
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Fig. 3. SEM micrographs of the initial iron powder (a) Surface morphology; (b) cross section; (c) impurities present as oxide particles and (d) as a second phase as indicated 

by red arrows. 
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he open system containing 100 g of the initial composition of the 

owder. For a process taking place under adiabatic and isobaric 

onditions, the first law renders that the change of enthalpy of the 

ystem should be equal to zero (dH = 0), and the second law states 

hat the entropy change of the system (dS) should be equal to the 

ntropy production of the internal process (d ip S). Equilibrium tem- 

erature and phase fractions are achieved when the entropy pro- 

uction reaches a maximum, i.e. when d ip S/d ξ = 0 where ξ is 

he extent of the reaction [38] . Thermocalc, like most programs for 

he computation of equilibria, works by first minimizing the Gibbs 

nergy at different temperatures and phase fractions to find the 

tate in which the enthalpy of the system is conserved (dH = 0). 

ince only a homogeneous reaction can proceed to the same ex- 

ent ξ in all parts of the system under adiabatic and isobaric con- 

itions, those calculations should be regarded as a first approxima- 

ion which works best at higher temperatures and assuming liquid 

nd gaseous phases [38] . 

The two batches of initial powder are very similar to each other 

s they result from the same manufacturing process, presenting 

nly a slight variation in impurities content, as given in Table 1 . 

he oxygen content was only measured in the first batch (InitAir), 

ut is expected to be similar to the oxygen content of the sec- 

nd batch (InitPro). The volume-based size distribution measured 

n the first batch is given in Supplementary Figure S3: Dv10-Dv50- 

v90 particle sizes (indicating the upper size limit containing 10%, 

0% and 90% of the volume of the powders) are 27–49–85 μm. It 

hould be noted that a part of the particles, biased to the larger 

articles, did not reach the cyclone, hence a decrease in the com- 

usted particle size is expected. The initial powders present an ir- 

egular morphology, as illustrated by its surface morphology and 

ts cross section in Figs. 3 (a-b). The shape distribution is given in 

upplementary Figure S3, showing a maximum circularity around 

.87. Figs. 3 (c-d) highlight the presence of impurities, formed ei- 

her as oxide particles (containing about 0.8 wt.% Cr and 2.3 wt.% 

n in addition to Fe and O in Fig. 3 c, as estimated via EDS) or as

 metallic phase (containing more than 90 wt.% Cu in Fig. 3 d). 

. Results 

.1. Macroscopic chemical and physical properties 

The combusted powders using air and/or propane present a rel- 

tively similar size distribution: Dv10-Dv50-Dv90 particle sizes are 

9–34–61 μm for OxPro and 21–35–56 μm for OxAir. Both com- 
4 
usted particle distributions also exhibit high circularity with a 

aximum around 0.95, although OxPro particles presents a slightly 

igher circularity compared with OxAir (Supplementary Figure S3). 

The average composition of the initial and combusted powder 

s given in Table 1 . A significant decrease in carbon and sulfur 

ontent is measured during the combustion, while the amount of 

ther impurities stays relatively constant through the combustion 

rocess. The slight increase in certain impurities in the combusted 

owders, such as Ni in OxAir powder, can come from a statistical 

ffect, i.e. a larger number of particles containing a concentrated 

mount of impurities were present in the sampling for ICP-OES. 

Fig. 4 gives the phase distribution measured in the initial pow- 

er based on four XRD measurements on each powder, after com- 

ustion using propane (OxPro) and under pre-heated air (OxAir). 

he proportion of ferrite in OxAir powder was also estimated by 

mage analysis of SEM images as 10.75 area%. Traces of wüstite 

ere detected in OxAir powder, in too small quantity for the quan- 

itative analysis (less than 1%). 

Pycnometer measurements were applied to estimate the solid 

hase apparent density, decreasing from 7.82 g . cm 

−3 for the 

nitial powder to 5.38 g . cm 

−3 for the OxPro powder, and to 

.13 g . cm 

−3 for the OxAir powder. A decrease in the solid phase

ensity was expected from the oxidation of the powder, with 

 theoretical density decreasing from 7.87 g . cm 

−3 for ferrite to 

.20 g . cm 

−3 for magnetite and 5.24 g . cm 

−3 for hematite [39] . 

.2. Microstructure of OxPro powder 

Fig. 5 presents the morphology of powder combusted using 

ropane (OxPro). The external surface is either constituted of an 

rrangement of parallel lines ( Fig. 5 a) or of coarser blocks ( Fig. 5 b).

n both cases, small cracks are often present at the surface of the 

articles, either following the patterns on the external surface or 

utting through it, as highlighted by the white arrows in Fig. 5 a 

nd 5 b. 

While most of the combusted powder consists of close spherical 

articles, some particles present a different morphology. Fig. 5 (c) 

hows a particle with an opening resembling an internal explosion 

vent. Fig. 5 (d) exhibits another open particle, with the edges of 

he opening crack presenting a flat dendritic morphology. Finally, 

ig. 5 (e) presents a particle split in two parts, containing many 

maller spherical particles inside. Fig. 5 (f) presents a cross-section 

f a similar hollow particle, showing a “matryoshka-doll” structure 

ith the presence of many smaller spherical particles inside the 
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Fig. 4. Phase distribution in the initial and combusted powders measured by x-ray diffraction. 
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ain particle, one of which even contains a smaller particle inside 

s highlighted by a white arrow. 

The magnified micrograph shown in the inset of Fig. 5 (d) high- 

ights the presence of nanoparticles on the surface of the com- 

usted particle. These nanoparticles present a size between 10 and 

00 nm, but usually agglomerate in clusters of a few hundred 

anometers. Such nanoparticles were found in the aftertreatment 

lters, as well as covering the walls of the combustor with a red- 

ish color. However, these nanoparticles could not be separated 

rom the micro-size particles for further analysis. 

Fig. 6 presents cross-section views of these spherical combusted 

articles. Many particles are hollow, with a dendritic morphol- 

gy occupying part of the hole as shown in Fig. 6 (a). Moreover, 

any cracks are observed in the microstructure, following angular 

dges of the central cavity or starting from the external surface. 

igs. 6 (b) and 6 (c) highlight the presence of two phases, identi- 

ed in Fig. 7 (b) as magnetite for the matrix and hematite high- 

ighted here in white by the in-lens contrast. Hematite can form 

ither as coarser grains at the external surface ( Fig. 6 (b)) or with

 thin lenticular morphology ( Fig. 6 (c)). Fig. 6 (d) reveals details of

he link between the external surface of the powder (imaged using 

econdary electron contrast) and its internal microstructure (high- 

ighted using back-scattered electron contrast). The linear pattern 

n the external surface presented in Fig. 5 (a) correspond to the 

rain boundaries of the thin plates of hematite. 

Fig. 7 presents an EBSD analysis of two combusted particles. 

he phase map in Fig. 7 (b) shows that hematite plates grow from 

he external surface and from the inner void along the grain 

oundaries of the magnetite matrix. Fig. 7 (c) presents the crys- 

alline orientation of each grain. The black box in Fig. 7 (c) and 

he associated pole figures in Fig. 7 (d) show a crystallographic re- 

ationship between the grains of hematite and magnetite: (111) 

agnetite // (0 0 01) hematite; [110] magnetite // [ 10 ̄1 0 ] hematite.

any cracks and inner porosity are present inside this particle, 

ighlighted by white and black arrows respectively. An interesting 

bservation can be made about the morphology and orientation 

f the hematite plates regarding these defects: the inner porosity 

black arrows) effectively interrupts the hematite plates, presenting 

ifferent morphologies and crystalline orientations at the opposite 
5 
ides of the porosities. However, the lenticular plate morpholo- 

ies and orientation are identical from either side of the cracks 

white arrows), which do not interrupt the growth of hematite 

lates. 

Fig. 7 (e) presents a particle in which a third phase can be ob- 

erved at the center of the particle, in a lighter contrast using 

ack-scattered electron contrast. This third phase was identified as 

üstite by EBSD in Fig. 7 (f), and contains smaller magnetite grains 

nside. The shape of the wüstite grains is typical of interdendritic 

icrostructure, with the dendrites constituting of magnetite in this 

ase. 

Most of the combusted powders are of high chemical purity 

ompared with the initial Fe powder, i.e. only Fe and O are de- 

ected by EDS analysis. The impurities measured by ICP in the 

owders ( Table 1 ) are concentrated in some specific particles in 

he form of gangue oxides. Fig. 8 presents a gangue-bearing parti- 

le composed of small gray domains that are embedded in a white 

atrix. Some of them display black submicron-size particles, as re- 

ealed in Fig. 8 (b). The composition of the three-above mentioned 

onstituents was estimated by EDS and is given in Fig. 8 (b), al- 

hough the exact composition cannot be obtained at this scale with 

his method because of the presence of light elements such as oxy- 

en and of the fine microstructure with particles below 1 μm. Nev- 

rtheless, an increasing amount of aluminum can be observed from 

he white matrix to the darker particles. 

.3. Microstructure of OxAir powder 

Two different morphologies are observed in OxAir powder as 

resented in Fig. 9 (a). Their relative volume fraction was estimated 

y image analysis of the polished powders: 88% of the powder 

resent a spherical shape similar to OxPro powder, while the re- 

aining 12% (highlighted by black arrows in Fig. 9 (a)) presents 

n irregular morphology similar to the initial powder. The same 

urface patterns as for OxPro powder are observed, covered with 

anoparticles and sometimes containing cracks. The surface of the 

rregular-shape particles is constituted of a continuous porous de- 

osit, with nanoparticles on top of the deposit. Open particles with 

 Matryoshka structure such as the ones highlighted in Fig. 5 (e-f) 
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Fig. 5. SEM images of the morphology of OxPro powder. (a) and (b) External morphology of the powder, with the presence of cracks highlighted by white arrows. (c-e) 

Opened particles. (d) Magnified micrograph highlighting the presence of nanoparticles. (f) Cross-section of a hollow powder, showing the presence of smaller spherical 

particles inside. SE2 and BSE correspond to secondary electron and back-scattered electron contrast. 
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with a unoxidized iron core were observed inside hollow shells in 
or OxPro particles are also observed, and Fig. 9 (b) presents a 

ross-section of such morphology. The two morphologies identified 

n Fig. 9 (a) are found inside the bigger cracked and hollow particle. 

Figs. 9 (c-e) present an EBSD analysis of the irregular-shape par- 

icle, constituted of ferrite grains with small oxide inclusions. The 

resence of 0.2 wt.% Si, 0.6 wt.% Cr and 1.8 wt.% Mn was detected 

y EDS in the small inclusions highlighted by a black arrow in 

ig. 9 (d), while only iron was detected in the matrix. The oxide 

hell is constituted of a dense wüstite layer close to the ferrite, 

urrounded by a magnetite layer. The spherical particles present 

 similar microstructure as the OxPro particles as highlighted in 

ig. 9 (f-h): a matrix of magnetite with hematite laths, with the 

ame crystallographic relationship between the grains of hematite 

nd magnetite: (111) magnetite // (0 0 01) hematite; [110] magnetite 

/ [ 10 ̄1 0 ] hematite. 

. Discussion 

Two types of morphologies were observed in the combusted 

owders: (1) spherical, generally hollow particles, similar to the 

eported morphology of the combustion products of ignited iron 
6 
owders [ 6 , 9 , 11 , 12 ], and (2) irregular particles with a similar mor-

hology as the initial iron particle. The latter presents a mi- 

rostructure typical of solid-state iron oxidation [40] : an outer 

ayer of magnetite and an internal layer of wüstite in-between the 

agnetite layer and the ferrite core, as well as magnetite precip- 

tated in the wüstite ( Fig. 9 (d)). These particles were exposed to 

 lower temperature compared with the spherical particles, show- 

ng that they did not ignite. The presence of these irregular pow- 

er particles explains the smaller circularity values (Supplementary 

igure S3) of OxAir particles compared with OxPro particles, which 

nly contain spherical particles. Apart from the presence of non- 

gnited particles in OxAir powder, combusting the powder solely 

n air or with the help of propane results in a similar morphol- 

gy/microstructure of the spherical ignited particles. 

A peculiar feature observed in both powders is the formation 

f the “Matryoshka doll” arrangement, i.e. the presence of smaller 

articles inside bigger hollow ones, which can also contain smaller 

articles themselves ( Figs. 5 (e-f) and 9 (a-b)). While only spherical 

ron oxide particles were found inside hollow shells in the OxPro 

owder, both iron oxide particles and irregular-shaped particles 
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Fig. 6. SEM images of the cross section of OxPro powder, highlighting (a) numerous cracks and a dendritic morphology inside a central hole; (b) a second phase in the form 

of bulk grains near the external surface or (c) thin lenticular plates. (d) Superposition of two SEM images with different detectors to highlight the link between the lenticular 

plates and the surface linear morphology. BSE, SE2 and In-lens correspond to back-scattered electron, secondary electron and in-lens contrast, respectively. 

Fig. 7. Electron back-scattered diffraction (EBSD) analysis of OxPro particle. (a) SEM – back scattered electron (BSE) contrast, (b) phase map and image quality (c) inverse 

pole figure of a hollow particle. (d) Pole figures corresponding to the black box in (c). White and black arrows highlight cracks and larger porosity crossing hematite laths, 

respectively. (e) SEM-BSE image of a particle containing three different phases, as highlighted by the corresponding EBSD phase map in (f). 

7 
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Fig. 8. (a) Overview and (b) magnified SEM image of an OxPro combusted particle containing Mg, Al and Si impurities quantified by SEM EDS. 
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he OxAir powder ( Fig. 9 (b)). It is unlikely that two different mech-

nisms are activated in OxPro and OxAir powders, resulting in two 

ifferent “Matryoshka doll” arrangements. Therefore, these pecu- 

iar microstructures probably do not result from the combustion 

echanism itself but from a post-combustion handling of the pow- 

ers, with smaller particles entering the larger particles opened by 

icro-explosion or crack propagation during/after the combustion 

rocess. 

The spherical ignited particles appear to have melted during the 

ombustion process, as attested by their spherical shape as well as 

he dendritic morphology on the surface of the particles ( Fig. 5 and 

 ). The flame temperature (up to 190 0–220 0 °C) largely surpasses 

he melting temperature of iron (1538 °C) and its oxides (1596 °C), 

nd is close to the adiabatic flame temperature [ 14 , 22 ], indica-

ive of a diffusion-controlled combustion mode [ 16 , 41 ]. A dendritic 

orphology is also observed in the large cavities in the center of 

he particles ( Fig. 6 (a)), showing that the inner porosities were 

ormed during the solidification process. A process similar to the 

ormation of shrinkage cavities during metal casting could explain 

hese inner voids. The volume of the initial iron particle strongly 

ncreases during the combustion process due to its melting at high 

emperature and to the oxygen intake [ 12 , 14 ]. Considering the so-

idification starting at the external surface of the droplet towards 

ts interior, i.e. keeping the same external diameter, the relative di- 

meter of the internal void can be estimated from the density of 

he liquid and from the density of the solid iron oxide. Consider- 

ng solidification into magnetite, with a density of 4.73 g.cm 

−3 at 

400 °C estimated using FactSage [42] , and a density of the iron 

xide liquid, reported to vary in the range of 3.6–4.9 g.cm 

−3 at 

500 °C by Steinberg et al. [43] , a maximum size of the inner void

f 60% of the particle diameter is expected from the solidification 

rocess alone. Based on image analysis of the SEM images, 90% of 

he OxPro particles as well as 84% of the ignited OxAir particles 

resent a porosity diameter below 60% of the particle diameter. 

owever, some very thin shells have also been observed, with an 

nner void diameter up to 80% of the particle diameter. For the lat- 

er, the solidification process cannot solely explain the large inter- 

al porosity observed. 

In addition to the large internal porosity, exploded particles 

re observed. Micro-explosions have been reported by several au- 

hors during the combustion of iron powders [ 8 , 9 , 15 , 41 ], gener-

lly shortly after the maximum temperature, when the gradient 

f temperature between the particle and the surrounding envi- 

onment is at a maximum [41] . It results from a relative increase 

f the internal pressure inside the particles compared to the sur- 

ounding pressure, which is believed to originate from the expan- 
8

ion of a gas present inside the powders [ 9 , 11–13 , 41 ]. The accumu-

ation and entrapment of gas inside the liquid droplets could also 

xplain the larger inner porosity diameter sometimes observed, 

hen the pressure gradient is not large enough to explode the 

article. Three sources of gas entrapment can be considered: (i) 

aseous product of a chemical reaction, (ii) evaporation of iron, 

iii) diffusion and dissolution of the surrounding gas as oxygen. 

he occurrence of these different sources has been approached us- 

ng thermodynamic calculations, considering an adiabatic oxida- 

ion of the initial iron powder in air. The same simulation was 

lso applied with the addition of propane, and yielded the same 

ualitative results. It should be noted that a more complex simu- 

ation considering the kinetics of the reaction should be used to 

ccurately represent the combustion process [44] , but a thermody- 

amic simulation using adiabatic conditions constitutes a good first 

pproximation for a combustion process in the diffusion-controlled 

ode [16] . Fig. 10 (a) presents the temperature evolution simulated 

y Thermocalc [37] , with a maximum adiabatic flame tempera- 

ure of 20 0 0 °C, corresponding well to the spectrometer measure- 

ents (Supplementary Figure S1). Fig. 10 (b) presents the variation 

f the partial pressure of the different gas species, as a function 

f the total oxygen amount added to the open system and the 

alculated adiabatic temperature, as explained in Section 2 . A de- 

ailed evolution of the stabilized phases as well as a magnifica- 

ion of Fig. 10 (b) for smaller values of partial pressures are given 

n Supplementary Figure S4. The production of carbon mono/di- 

xide gas is favored at the very beginning of the combustion 

rocess, which means that the oxidation of the carbon present 

nside the initial powders is expected to occur as soon as the 

iffusion of the species allows their reaction. The production of 

aseous sulfur di-oxide is also predicted at the maximum tem- 

erature (Supplementary Figure S5) at a smaller extent (20% less 

oles of sulfur predicted in the gaseous phase compared with car- 

on). In accordance with this hypothesis, a decrease in the carbon 

nd sulfur content of the particle is indeed observed in the com- 

usted particles. The first source of internal porosity could there- 

ore be the oxidation of the carbon/sulfur present in the initial iron 

owder. 

At the maximum temperature, an increase in the partial pres- 

ure of pure iron is also predicted. The occurrence of evapora- 

ion/dissociation of metal (oxide) during the combustion of iron 

owder has been proven by the observation of a vapor phase halo 

urrounding the particles using high-speed imaging [ 9 , 11 , 12 , 41 ].

oreover, iron oxide nanoparticles were regularly observed in the 

ombusted products [ 6 , 8 , 9 , 11 ]. While nanoparticles production has

een mostly reported for excess oxygen conditions (more than 21 
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Fig. 9. Analysis of OxAir powder. (a) SEM image of their morphology, with magnified images of the surface of spherical and irregular-shape particles, the latter highlighted 

by white arrows. (b) SEM image of the cross-section of an exploded particle, containing both spherical and irregular-shaped particles inside. (c), (f) EBSD image quality map, 

(d), (g) phase map and (e), (h) crystalline orientation map of (c-e) an irregular-shape particle and (f-h) a spherical particle. 
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t.% oxygen) [ 6 , 9 , 11 , 17 , 41 ], some nanoparticles have also been ob-

erved for normal atmospheric conditions (21 at.% oxygen) [ 8 , 9 , 12 ].

s presented in Figs. 5 (d) and 9 (a), nanoparticles are also observed 

n the surface of the combusted products. Moreover, nanoparticles 

ere also observed on the internal walls throughout the combus- 

ion system and in the filters. Their reddish color indicates that 

hey are probably constituted of hematite [13] . According to the 

hermocalc simulation ( Fig. 10 (b) and Supplementary Figure S4), 

he evaporation of iron is favored compared with the formation 

f iron oxide vapor and to the other metallic impurities present, 

hich agrees well with the study of Ning et al. [9] . The increase in

artial pressure of copper around the maximum temperature indi- 

ates a possible copper evaporation together with iron, although 

o decrease in copper content was measured in the combusted 
9 
articles ( Table 1 ). A second source of gas could therefore come 

rom the evaporation of pure iron. 

When considering an adiabatic process as simulated in Fig. 10 , 

he maximum temperature is reached for an oxygen content corre- 

ponding to the solubility limit of the iron oxide liquid. For higher 

xygen content, at the beginning of the cooling process, gaseous 

xygen bubbles will form inside the liquid droplets, which is il- 

ustrated by the increase in the partial pressure of oxygen for an 

xygen content above 32 g in Fig. 10 (b). A third source of gas en-

apsulation is therefore the formation of oxygen-rich gas bubbles 

hat will arise for sufficiently large oxygen concentrations. Simi- 

arly, gas encapsulation could come from the diffusion and disso- 

ution of other species from the surrounding gas (nitrogen, water 

apor) inside the liquid droplets [41] . 
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Fig. 10. Thermodynamic simulation (Thermocalc) of the combustion of 100 g of the initial iron powder ( Table 1 ) for equilibrium adiabatic conditions. (a) Flame temperature, 

(b) Partial pressure of the different species in the gas phase as a function of the added amount of oxygen to the system (for each gram of oxygen added, the relative amount 

of nitrogen is also added to keep a ratio of 79 at.% N2 + 21 at.% O2). 
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The thermodynamic simulation predicts magnetite formation 

uring solidification ( Fig. 10 (a)), which agrees with the tempera- 

ure of the solidification plateau measured between 1480 °C and 

610 °C during single laser ignited iron combustion [9] , close to 

he temperature range between 1424 °C and 1596 °C for magnetite 

olidification. While the large heating and cooling rate involved in 

he combustion of iron particles do not respect the equilibrium 

onditions, the Fe-O binary phase diagram can still be used as a 

uide to predict the expected phase transformations during cool- 

ng of iron oxide droplets. The exact concentration of oxygen of the 

iquid droplet when reaching the liquidus temperature is unknown, 

ut hypotheses can be taken. Based on a diffusion model, Ning 

t al. [8] estimated a concentration around 46 at.% O inside 30 μm- 

article at the maximum temperature. Moreover, they noticed a 

inear cooling rate indicating that oxidation continues during cool- 

ng of the particle. A concentration of oxygen larger than 46 at.% is 

herefore expected at the beginning of the solidification. The min- 

mum oxygen concentration in the iron oxide droplets during so- 

idification can be estimated from the least oxidized particle ob- 

erved in the OxPro powder, presented in Fig. 7: the particle con- 

ains wüstite in an interdendritic region in the center of the par- 

icle. The formation of wüstite in-between dendrites of magnetite 

an be expected for a concentration of oxygen between 54.2 at.% 

nd 57 at.% ( Fig. 11 ). The area fraction of interdendritic microstruc- 

ure of 10% was estimated using ImageJ in the central region of 

he particle presented in Fig. 7 , corresponding to an oxygen con- 

entration around 56.8 at.%. Fig. 11 (a) presents the expected mi- 

rostructural evolution for a solidification starting around 56.8 at.% 

. Solidification starts around 1580 °C by the growth of magnetite 

endrites in liquid iron oxide, forming an inner void by solidifi- 

ation shrinkage and/or gas accumulation inside the particle, as 

iscussed previously. At 1424 °C, a peritectic transformation takes 

lace, forming wüstite at the interface between the remaining iron 

xide liquid and the magnetite dendrites. During further cooling, 

endrites of magnetite are expected to grow at the expense of 

he interdendritic wüstite formed as the solubility of oxygen in 

üstite decreases with temperature. Instead, small magnetite is- 

ands are observed inside the wüstite matrix in Fig. 7 . It can be

xpected that the magnetite islands originate from an oversatu- 

ation of oxygen inside wüstite, resulting from the large cooling 

ate (estimated around 85,0 0 0 K/s after the solidification plateau 
10 
or single laser ignited iron particles [9] ). After solidification, the 

xidation of magnetite to hematite continues at the surface of the 

article. According to Zheng et al. [ 45 , 46 ], oxidation of magnetite 

o hematite is mainly dominated by the solid-state diffusion of iron 

ations from the magnetite matrix to the surface of the particle. 

ematite grains first nucleate and grow at the surface of the parti- 

le, forming a dense and continuous shell. The outward diffusion of 

ron cations causes the formation of plate-like features at the sur- 

ace of the particles [ 45 , 46 ], such as the ones observed in Fig. 5 (a)-

b). Then, hematite plates grow from the surface to the center of 

he particle, as presented in Fig. 6 , 7 , 9 (f)-(h). According to Zheng

t al. [ 45 , 46 ], this morphology originates from a favored diffusion

f iron cations along preferred crystalline orientations in the mag- 

etite matrix [ 45 , 46 ]. 

The absence of wüstite in the other combusted particles can 

e explained by a larger oxidation rate, either before or after so- 

idification. Fig. 11 (b) presents the schematic microstructural evo- 

ution for an oxygen concentration between 57.14 at.% and 57.67 

t.% upon solidification. The formation of wüstite is hindered and 

nly magnetite solidifies from the liquid state. Hematite plates 

hen nucleate and grow from the external surface of the parti- 

le. Fig. 11 (c) presents the schematic microstructural evolution ex- 

ected for a concentration of oxygen above 57.67 at.%. Bubbles 

f oxygen gas are expected to form first in the liquid iron ox- 

de, then inside the solid matrix of magnetite. As discussed pre- 

iously, these oxygen bubbles could participate in the formation 

f inner porosities as well as micro-explosion events. However, 

ematite would form at the interface between the magnetite ma- 

rix and the oxygen bubbles during the solidification of the parti- 

le. Yet, hematite plates were mostly observed growing from the 

xternal surface of most particles ( Figs. 7 (f) and 9 (g)). Hematite 

lates were only observed growing from the largest inner voids, 

s in Fig. 7 (b), showing that the formation of inner oxygen-rich 

ubble gas would result in a significant expansion of the liquid 

roplet. Yet, these voids could have been opened to the exter- 

al environment by micro-explosions before the hematite growth. 

 more detailed 3D analysis would be required in that case to 

dentify if hematite can nucleate and grow from closed poros- 

ty, demonstrating in that case the presence of oxygen bubbles. 

or most particles presenting only hematite plates at the exter- 

al surface, one can state that the oxygen concentration of the 
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Fig. 11. Phase diagram of the binary Fe – O system for the oxygen concentration between 50 and 61 at.%, drawn with the aid of the Thermocalc software. (a-c) Schematic 

representation of the phase transformations and microstructural evolution during cooling of ignited iron particles for increasing oxygen concentrations at the beginning of 

the solidification. 
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iquid iron oxide was comprised between 56.8 at.% and 57.67 

t.% O. 

The full combustion potential of these powders was not reached 

s the initial pure iron powder did not completely oxidize into 

ematite. The oxidation rate from magnetite to hematite was in- 

eed reported to strongly decrease after the formation of a con- 

inuous hematite shell around the particle, limiting ionic diffu- 

ion through the dense hematite layer [45] . However, the oxida- 

ion from magnetite to hematite represents only a small fraction 

f the heat release during the combustion. Based on their enthalpy 

f formation at 25 °C, the oxidation from ferrite to magnetite re- 

eases 6675 kJ/kg, compared with 7379 kJ/kg for the oxidation from 

errite to hematite. 95% of the heat potential of the iron pow- 

ers was therefore released during their ignition, based on the 
11 
RD measurements ( Fig. 4 ). Moreover, Zheng et al. [34] reported 

hat a larger reduction degree was obtained during the hydrogen- 

ased reduction of powders composed of both hematite and mag- 

etite phases by promoting both the diffusion and the chemical 

eaction during the end of the reduction process, compared with 

he reduction of pure hematite powders. The formation of multi- 

le hematite grains particularly favors hydrogen-based reduction at 

elatively high temperatures (750 °C-825 °C) [47] , generally limited 

y solid-state diffusion through the iron layer at the end of the re- 

uction process [ 34 , 35 , 48 ]. After the reduction of an initially pure

agnetite particle, a single dense block of wüstite surrounded by a 

hick iron layer is obtained, while for hematite-magnetite particles, 

umerous porous wüstite islands are observed, each surrounded 

y a thinner iron shell. Wolfinger et al . [47] explained that the 
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ncreased reduction degree obtained by the presence of hematite 

lates is due to the creation of multiple crystalline defects dur- 

ng the growth of the hematite grains, that will act as favorable 

ucleation sites during the reduction. These defects will also pro- 

ote the solid-state diffusion of iron atoms. Finally, the presence 

f hematite is also interesting for the fluidized bed hydrogen- 

ased reduction of the powder, as it increases the defluidisation 

ime compared with the reduction of pure magnetite powders and 

ence increase the final reduction degree [34] . 

The porosity and crack network formed inside the combusted 

ron particles have also a major impact on the efficiency of the 

ron powder fuel. The presence of a large porosity level can lead to 

he embrittlement and fragmentation of the powder which would 

e detrimental for the cyclic use of the powder. Moreover, in- 

reased porosity levels will lead to decreased volume energy den- 

ity of the powder fuel. However, the presence of porosity might 

ave a positive influence on the subsequent reduction efficiency. 

o significant beneficial effect of the presence of close porosity 

as observed during the hydrogen-based solid-state reduction of 

ron oxide [35] . However, it can be expected that open porosities, 

.e. when the inner cavities are linked to the external surface, will 

trongly accelerate the reduction kinetics through an easy access of 

ydrogen and of the reduction products to the center of the parti- 

les. Using image analysis on SEM images, a close porosity level of 

.7% was estimated for OxAir powder, and of 6.1% for OxPro pow- 

er (and of 6.0% for OxAir powder when removing the iron par- 

icles from the analysis). However, this porosity level is overesti- 

ated as the analysis was applied in 2D, while the porosities con- 

idered as closed in 2D might be open to the external surface con- 

idering the 3D morphology of the particle. A more precise close 

orosity level was evaluated using pycnometer and XRD measure- 

ents, based on the theoretical densities of the different phases 

t room temperature. A close porosity level of 0.6% was obtained 

n the initial powder, increasing to 1 . 7 % in the OxPro powder. The

lose porosity level in the OxAir particles is more difficult to assess 

ecause of the larger standard deviation of the phase distribution 

 Fig. 4 ), depending on the concentration of non-ignited Fe particles. 

he close porosity level estimated in the OxAir particles ranges 

rom 0.3 to 2.2%. Such low levels of close porosities compared 

ith the large inner cavities formed inside the combusted products 

an be explained by the cracks formed between the inner poros- 

ty and the external surface. The shape of the hematite lenticu- 

ar plates and their crystalline orientation remains unchanged even 

hen completely separated by several cracks ( Figs. 7 (a-c)), indicat- 

ng that the nucleation and propagation of these cracks occurred 

fter the nucleation and growth of the hematite grains, i.e. at the 

nd of the combustion process. These cracks could result from 

arge internal stresses at the interface of the phase boundaries, 

reated during the fast solidification and cooling. However, many 

racks are not linked to the phase boundaries, and are observed to 

ropagate through the hematite plates, or propagate from the ex- 

ernal surface or from an internal void ( Figs. 5 , 6 and 7 ). Cracking

an also be expected due to the multiple collisions between the 

articles and with the combustor walls/cyclone. Effects of sample 

andling and metallographic preparation can also not be ruled out. 

More investigations are needed to better understand the cracks 

nd porosity evolution inside the combusted particles, as it will 

lay an essential role during the subsequent reduction process by 

acilitating the diffusion of gaseous reactants and products. The 

rigin and mechanisms of micro-explosions, crack nucleation and 

ropagation during the combustion of iron particles also deserves 

ore investigations. Elucidating the mechanisms of the combus- 

ion of the iron particles will allow a better control of its mi- 

rostructure and morphology evolution, essential to improve the 

fficiency of the reduction process, hence of the complete life cy- 

le of iron-based metallic fuel. 
E

12 
. Conclusions 

In this study, the microstructure and morphology evolution of 

ure iron powder was investigated during its combustion using ei- 

her only pre-heated air or using a propane pilot flame. A higher 

xidation level was observed when using propane due to a facili- 

ated ignition of the powders. 

• The combusted powders are mostly constituted of hollow 

spheres, with a magnetite matrix and hematite lenticular 

plates. Significant internal porosity is formed during solidifica- 

tion, probably due to the solidification process and to gas en- 

capsulation. The hypothesis of gas encapsulation inside the liq- 

uid droplets is further supported by the observation of multiple 

exploded particles. Moreover, the observation of nanoparticles 

on the combusted product favors the hypothesis of metal evap- 

oration during the combustion process. 

• The different phase transformations occurring during the com- 

bustion of ignited particles were identified, including a trans- 

formation to the liquid state at the larger temperatures (20 0 0–

2200 °C). The solidification path was explained by the nucle- 

ation and growth of magnetite dendrites from the liquid state, 

and the nucleation and growth of hematite grains in the solid 

state. The obtained microstructure indicates that the oxygen 

concentration of most of the non-exploded analyzed particles 

was comprised between 56.8 and 57.7 at.% O at the beginning 

of the solidification process. 

• A relatively low close porosity level is measured by pycnometer 

in the combusted particles (between 1 and 2%), considering the 

large porosity observed in the cross-sections. The inner porosi- 

ties are expected to be linked to the external surface of the par- 

ticle through micro explosion and crack nucleation and growth. 

Cracking mainly occurs at the end of the combustion process, 

after the nucleation and growth of hematite laths. 

Further studies will focus on the porosity and cracks network 

nd phase distribution inside the combusted particles. Both will 

ajorly influence the final morphology and open porosity level of 

he particles, which are essential to control for the subsequent re- 

uction process. 
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